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(54) A method for producing a quality of transmission estimator for optical transmissions

(67)  The disclosure is about a method for producing
a quality of transmission estimator for optical transmis-
sions, comprising:

-defining a local dispersion value,

-defining a dispersion increment (14),

-performing a propagation calculation along an elemen-
tary section being a propagation medium characterized
by the local dispersion value, an elementary section
length corresponding to the dispersion increment (14)
and wherein the optical signal which is incoming in the
elementary section is previously affected by a cumulative
dispersion value (D to Dg) equal to the integer number

of the dispersion increment,
-for each elementary section, determining a variance of
noise, the noise representing a distortion due to Kerr non-
linear field contributions in the elementary section,
-for each couple of elementary sections, determining a
covariance of noise between the couple of elementary
sections,
-storing in a data repository a look-up table comprising
the variances and covariances.

The disclosure also provides a quality of transmis-
sion estimator device.
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Description
Field of the invention

[0001] The invention relates to the technical field of optical communication systems, in particular methods and systems
for producing a quality of transmission estimator for optical transmissions.

Background

[0002] In optical networks, optical signals become weaker and distorted after having travelled through a significant
distance. Indeed, optical signals are degraded while propagating in the optical medium due to physical effects. Physical
degradations depend on a plurality of factors, such as the distance to propagate over, the characteristics of the optical
links, the frequency occupation, etc.

[0003] Numerical methods as for example Split Step Fourier Method (SSFM) are able to perform propagation calcu-
lations. In E. Seve et al., "Semi-Analytical Model for the Performance Estimation of 100Gb/s PDM Transmission Systems
without Inline Dispersion Compensation and Mixed Fiber Types," Proc. ECOC, Th.1.D.2, London (2013), a semi-analytical
model is described, that allows to determine the signal-to-nonlinear distortion ratio (SNRy ), which is an indicator of the
performance of the transmission. The disclosed model is especially suitable for optical links having long lengths, for
example above 100 km.

Summary

[0004] Aspects of the invention are based on the idea of expressing the nonlinear distortions of a complete transmission
link as the sum of the nonlinear distortions generated independently by different sections of the optical link.

[0005] Aspects of the invention stem for the observation that signal distortions due to Kerr nonlinearities may be
modeled as an additive Gaussian noise.

[0006] Aspectsoftheinvention stem fromthe ideathat chromatic dispersionis the main physical phenomenonimpacting
the generation of nonlinear noise.

[0007] Aspects of the invention stem from the idea that the variance of nonlinear noise produced after an elementary
fiber section can be directly linked to the input cumulative dispersion and the fiber type of the section.

[0008] Aspects of the invention are based on the idea of reducing the computational costs of a quality of transmission
estimation by storing in a memory a pre-calculated nonlinear distortion covariance matrix to be reused.

[0009] Aspects of the invention are based on the idea of proposing a fast estimation of the transmission performance
in order to allow developing engineering rules for the transmission link optimization. This estimation is preferably to be
faster than the estimation obtained by using the SSFM and/ or other methods.

[0010] In accordance with a first object, the invention provides a method for producing a quality of transmission
estimator for optical transmissions, the method comprising:

- defining a local dispersion value,

- defining a dispersion increment, for example over an elementary section length, having a sign identical to the local
dispersion value,

- for each of a plurality of integer numbers, wherein the integer numbers range from 0 to an upper bound greater than
or equal to 0, performing a propagation calculation by a propagation model and/or experiment, each propagation
calculation and/or experiment dealing with the propagation of an optical signal along an elementary section, wherein
the elementary section is a propagation medium characterized by the local dispersion value, an elementary section
length corresponding to the dispersion increment, and wherein the optical signal which is incoming in the elementary
section is previously affected by a cumulative dispersion value equal to the sum of a predefined pre-compensation
dispersion and the integer number times the dispersion increment,

-  foreach elementary section, determining a variance of noise, the noise representing a distortion due to Kerr nonlinear
field contributions in the elementary section,

- foreachcouple of elementary sections, determining a covariance of noise between the couple of elementary sections,

- storing in a data repository a look-up table comprising each determined variance of noise in association with the
corresponding local dispersion value and cumulative dispersion value and each covariance of noise , in association
with a first couple of local dispersion value and cumulative dispersion value and a second couple of local dispersion
value and cumulative dispersion value.

[0011] In an embodiment, the method also comprises defining a pre-compensation dispersion as the minimum cumu-
lative dispersion of the optical transmissions.
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[0012] According to embodiments, such a method can comprise one or more of the features below.

[0013] There are many sorts of propagation models that may be employed. In a preferred embodiment, the propagation
model is SSFM. In an embodiment the propagation model is a semi-empirical model. In an embodiment the propagation
model is an analytical model.

[0014] There are many parameters that may be employed as input data for the propagation calculation of the optical
signals, which are referred to as optical path parameters in the present specification. The propagation model takes into
account the local dispersion value and the cumulative dispersion value along the optical path. In addition optical path
parameters may be selected in the list below : parameters of the network topology, parameters of the source node and
the destination node, number of nodes along the optical path, node positions, transponder types, fiber length, optical
path length, fiber type, fiber modes, fiber refractive index, frequency occupation of the fibers, dispersion management,
modulation format, channel spacing and others.

[0015] Some intrinsic features of the optical signal may also be taken into account as optical path properties for the
propagation calculation: multiplexing type, carrier frequency, modulation format and others. In addition the propagation
model takes into account the amplitude or power of optical signals.

[0016] Features of light emitting devices may also be taken into account as optical path properties for the propagation
calculation and may be selected in the list below: chirp, emitting modes, emitting frequency, emitting spectral bandwidth,
jitter and others.

[0017] Features of detectors may also be taken into account as optical path properties for the propagation calculation
and may be selected in the list below: sensitivity, photodetection noise, shot noise, thermal noise, noise intrinsic to
avalanche photodiodes and others.

[0018] In embodiments, the noise may represent a distortion further due to any nonlinear field contribution and/or
association of nonlinear field contributions from the following list: second harmonic generation, frequency mixing, optical
parametric amplification and oscillation, spontaneous parametric down conversion, sources of entangled photons based
on SPDC, four-wave mixing, Raman scattering, spontaneous and stimulated Raman scattering, Raman amplification,
Brillouin Scattering and two photons absorption.

[0019] In an embodiment, the method further comprises a non-dimensionalizing step comprising:

- for each elementary section, determining an input power that was employed in the propagation model or experiment,

- for each variance determined for an elementary section in the determining step, dividing the variance by the input
power employed for the elementary section to the square,

- for each covariance determined for a couple of elementary sections in the determining step, dividing the covariance
by the input power determined for the first elementary section of the couple and the input power determined for the
second elementary section of the couple.

[0020] In an embodiment, the method further comprises, for each elementary section, determining the signal power
at a receiver side, and determining a normalized signal, equal to the received signal divided by the square root of the
signal power at the receiver side, the variance being calculated over the normalized signal.

[0021] In an embodiment, the local dispersion value corresponds to an optical fiber.

[0022] In an embodiment, the optical fiber has a type selected in the following list: Single Mode Fiber, Dispersion
Compensation Fiber, LEAF, multi-fiber, multicore fiber, multi-mode fiber, polarization-maintaining fiber, photonic-crystal
fiber, multimode graded index optical fiber, Non-Zero Dispersion Shifted Fiber, True-Wave-Reduced Slope, True-Wave-
Classic, Teralight and SMF-LS.

[0023] In an embodiment, the look-up table comprises a covariance matrix of the noise due to Kerr nonlinear field
contributions generated in the elementary sections.

[0024] In an embodiment, the dispersion increment corresponds to a dispersion cumulated by an optical signal prop-
agating along a section of an optical link which length is comprised between 100 m and 20 km. The lower the dispersion
increment, the more accurate the estimation of quality of transmission is. The higher the dispersion increment, the
cheaper the calculation is. Thanks to these features, it is possible to implement a quality of transmission estimator able
to predict the performance of an optical network system; especially with short fiber length and/or fiber type heterogeneity
and/or different types of dispersion management and/or different amplification schemes.

[0025] The invention also provides a quality of transmission estimator device for optical transmissions, the device
comprising:

- adata repository in which is stored a look-up table, comprising a plurality of variances entries o,,,, each variance
entry being stored in association with a corresponding local dispersion value and a corresponding cumulative dis-
persion value, the cumulative dispersion value being chosen in a set of cumulative dispersion values consisting of
the sum of a predefined pre-compensation dispersion and a predefined dispersion increment multiplied by an integer
number ranging from 0 to an upper bound greater than or equal to 0,
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the look-up table further comprising a plurality of covariance entries, each covariance entry being stored in association
with a first couple of local dispersion value and cumulative dispersion value and a second couple of local dispersion
value and cumulative dispersion value,

- aninputinterface for receiving an optical transmission system description, the system description defining a plurality
of system segments S, and, for each system segment S,.an input power P, of the system segment, a local dispersion
value of the system segment and an input cumulative dispersion of the system segment,

- acalculation unit (114) configured to perform:

- for each system segment S, selecting a variance entry opaicnkymatehk) in the look-up table, so that the local
dispersion and input cumulative dispersion of the system segment S, substantially match the local dispersion
value and cumulative dispersion value associated with the variance entry o,,a1cn(kymatchik):

- for each couple of this system segments S, and S selecting a covariance entry o, a1ch(kymatch(k) I the look-up
table, so that the local dispersion and input cumulative dispersion of the system segment S, substantially match
the first couple associated with the covariance entry and so that the local dispersion and input cumulative
dispersion of the system segment S, substantially match the second couple associated with the covariance entry

- calculating a quality of transmission estimate

SNRy, ™t

Z P Omatch(k)ymatch(k)

N k-1

z Z kPklRe[Gmatch(k)match(k/)]

where N is the number of system segments in the optical transmission system description
- an output interface for transmitting the calculated quality of transmission estimate.

[0026] Aspects of the invention are based on the idea of computing a real-time estimation, for example in afew seconds
orless, ofthe transmission performance to determine the number and the positions of optical regenerators where needed,
and/or to determine an alternative path in a network in the case of an unexpected link failure and/or to determine the
shortest path to satisfy a demand in a network and/or to determine a new path in case of application-driven reconfigured
networks in a Software Defined Network frame.

[0027] In an embodiment, the look-up table comprises a covariance matrix.

[0028] The optical signals may be multiplexed in accordance with any multiplexing method, e.g. WDM-multiplexed
and/or spatially-multiplexed and/or polarization-multiplexed.

[0029] The output interface may be implemented in diverse manners. In an embodiment, the output interface provides
a user with the quality of transmission estimator for optical transmissions in a suitable format for the use in a network
design, e.g. as a computer file or a paper printout.

[0030] Inaccordance with a second object, the invention also provides a method for determining an optical transmission
system description, the method comprising the steps of:

- determining a dispersion map of the optical transmission system,
- placing a set of discrete cumulative dispersions, onto the dispersion map,

- defining a plurality of sequential system segments S of the optical transmission system, wherein each system
segment has an input point that corresponds to a point in the optical transmission system where the input
cumulative dispersion matches a cumulative dispersion of the set of discrete cumulative dispersions,

- foreach system segment S, determining an input power P of the system segment, and a local dispersion value
of the system segment,

- for each system segment S storing a sequence number of the system segments S storing the input power
and the local dispersion value determined in relation with the input cumulative dispersion of the system segment
S\ in a data repository.
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[0031] Thanks to these features, itis possible to obtain a concise description of the optical system which nevertheless
contains sufficient information to obtain the quality of transmission of the optical system.

[0032] Thanks to these features, it is possible to get a representation format applicable to any kind of optical system,
which provides a large use of a quality of transmission estimator device. For example, performing the above method on
each connection between two consecutive nodes in an optical network makes it possible to use the transmission estimator
device for each of these connections and therefore anticipate the quality of transmission of any connection within the
optical network.

[0033] Thanks to these features, it is possible to use a quality of transmission estimator device for estimating the
quality of the optical transmission system in a very fast and efficient manner.

[0034] Thanks to these features, it is possible to obtain a compact representation of any optical system in order to use
it in a quality of transmission estimator.

[0035] According to embodiments, such a method can comprise one or more of the features below.

[0036] Inanembodiment, the discrete cumulative dispersions of the set are separated by a fixed cumulative dispersion
increment.

[0037] In an embodiment, the method further comprises:

determining an upper bound and a lower bound of the dispersion map and selecting the set of discrete cumulative
dispersions to make it cover more than 95% of the range between the upper bound and the lower bound.

[0038] In an embodiment, the set of discrete cumulative dispersions is comprised in a range of cumulative dispersion
between -104 ps/nm and 104 ps/nm.

[0039] The invention also provides a use of an optical transmission description obtained with the method of claim 1
for determining a quality of transmission estimate for the optical system,

the use comprising:

providing a look-up table (X4) comprising a plurality of variance entries o, , each variance entry being stored in
association with a corresponding local dispersion value and a corresponding cumulative dispersion value (D to
Dg). the cumulative dispersion value being chosen in a set of cumulative dispersion values consisting of the sum of
a predefined pre-compensation dispersion and a predefined dispersion increment (14) multiplied by an integer
number ranging from 0 to an upper bound greater than or equal to 0,

the look-up table (Z4) further comprising a plurality of covariance entries, each covariance entry being stored in
association with a first couple of local dispersion value and cumulative dispersion value and a second couple of
local dispersion value and cumulative dispersion value,

- for each system segment S of the optical transmission system, selecting a variance entry op,icn(match(k) in
the look-up table, so that the local dispersion and input cumulative dispersion of the system segment S, sub-
stantially match the local dispersion value and cumulative dispersion value associated with the variance entry
Omatch(k)match(k)s

- foreach couple of the system segments S and S selecting a covariance entry o,a¢ch()match(x) in the look-up
table, so that the local dispersion and input cumulative dispersion of the system segment S, substantially match
the first couple associated with the covariance entry and so that the local dispersion and input cumulative
dispersion of the system segment S, substantially match the second couple associated with the covariance entry

calculating the quality of transmission estimate as:

N N k-1
_ 2
SNR™'y, = Z Py Omatchymaten) + 2 Z Z Py Py Re [Umatch(k)match(kr)]
k=1 k=1k'=1

where N is the number of system segments in the optical transmission system description.

[0040] Theinvention also provides aninformation signal comprising modulated data, wherein modulated data represent
a sequential system segments Sy of an optical transmission system,

wherein each system segment has an input point that corresponds to a point in an optical transmission system where
an input cumulative dispersion substantially matches an cumulative dispersion of a set of discrete cumulative dispersions,
wherein each system segment S, has an input power P, value, a local dispersion value and a sequence number.
[0041] Aspects of the invention are based on the idea of describing an optical system in a compact format which
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essentially employ dispersion information.

[0042] Aspects of the invention stem for the observation that information of dispersion can be sufficient to get a precise
estimation of the quality of transmission of an optical system.

[0043] Aspects of the invention are based on the idea of characterizing a network by elementary fiber sections in terms
of fiber type and cumulated dispersion at the section input.

[0044] Aspects of the invention are based on the idea of modeling connections in a complete network by using ele-
mentary fiber sections for which coefficients have been pre-calculated in order to easily evaluate the feasibility of the
connections in a fast manner and with a very good accuracy.

[0045] Aspects of the invention are based on the idea of describing each fiber of a meshed network as a concatenation
of small fiber sections and find a minimal set of data for describing the complete network by removing all redundant fiber
sections having the same characteristics of fiber type and input cumulated dispersion.

Brief description of the drawings

[0046] These and otheraspects of the invention will be apparent from and elucidated with reference to the embodiments
described hereinafter, by way of example, with reference to the drawings.

Figure 1 is a schematic graph of cumulative dispersion values of an optical signal propagating over an optical link
as a function of distance from the source node, the optical link comprising an optical fiber having no in-line dispersion
compensation.

Figure 2 is a look-up table comprising variances of a nonlinear noise of the optical signal propagating over the optical
link of Figure 1, the variances being in association with corresponding cumulative dispersion values estimated in
Figure 1, the look-up table further comprising covariances of the noise, in association with a cumulative dispersion
value of different sections of the optical link.

Figure 3 is a covariance matrix of the nonlinear noise of the sections of the optical link of Figure 1, the covariance
matrix being identical to the look-up table of Figure 2, the covariance matrix being constructed thanks to the look-
up table of Figure 2 by selecting the variances and covariances of the cumulative dispersion values corresponding
to the successive sections of the optical link of Figure 1.

Figure 4 is a schematic graph of the cumulative dispersion of an optical signal propagating over an optical link as
a function of distance from the source node, for an optical link with a dispersion compensation device being half-
way between the source and the destination nodes situated at both ends of the optical link.

Figure 5 is the look-up table of Figure 2, showing the selection of the variances and covariances of the cumulative
dispersion values corresponding to the sections of the optical link of Figure 4.

Figure 6 is a covariance matrix of the nonlinear noise of the sections of the optical link of Figure 4, the covariance
matrix being constructed thanks to the look-up table of Figure 2 by selecting the variances and covariances of the
cumulative dispersion values corresponding to the successive sections of the optical link of Figure 4.

Figure 7 is a flow chart showing a method that carries out the calculation of the fast estimation of the quality of
transmission of an optical signal along an optical link.

Figure 8 is a functional drawing of a computing device that may be employed for computing the estimation of the
quality of transmission of an optical signal along an optical link.

Figure 9 is a functional drawing of an example of optical link from a transmitter to a receiver.

Figure 10 is a graph showing the numerical simulation results of the variance over the section length calculated
thanks to the method of Figure 7, compared to the variance calculated thanks to a SSFM simulation.

Figure 11 is a schematic of a 6-nodes network having optical fibers of two types.

Figure 12 shows the discretization of the dispersion map of two optical transmission paths of the 6-nodes network
of Figure 11.

Detailed description of the embodiments

[0047] In anillustrative example, a WDM optical network carries 100 Gb/s per wavelength on uncompensated optical
links, i.e. without inline dispersion compensation between the optical fiber spans comprised in the optical links. The
network must carry a plurality of 100 Gb/s demands, the 100Gb/s payload being transported over Polarization Division
Multiplexed Quaternary Phase Shift Keying PDM-QPSK wavelengths.

[0048] It is well known that for such systems, the mains sources of impairments are the Amplified Spontaneous
Emission (ASE) noise and the distortions due to the Kerr Effect. Both effects can be modeled extremely accurately by
additive white Gaussian noise. The total signal-to-noise ratio at the receiver is defined by:
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- P +P
SNR 1 = ASE NL

-1 _P
and the nonlinear-distorsion-to-signal-ratio is defined by SN Ry, 1= % ]

where P is the power of the signal, P,gg the power of the amplified spontaneous emission (ASE) noise measured in a
reference bandwidth (e.g. 0.1 nm as for the traditional definition of optical SNR (OSNR)) and Py_the power of nonlinear
distortions.

[0049] Pagedependsonthedistancetraveled by the signal and specifically on the number of traversed optical amplifiers
and their characteristics.

[0050] Py, depends also on the distance traveled by the signal, therefore of the length of the optical link, on the nature
of the optical link, therefore of the local dispersion value, and on the optical power of the signal under consideration.
[0051] To estimate the quality of transmission of an optical link, the fiber types comprised in the optical link are to be
taken into account. In an optical network, different fiber types may be used having a plurality of different local dispersion
values. For example, a Single Mode Fiber (SMF) has a local dispersion value of 17 ps/nm/km. By contrast, a Dispersion
Compensation Fiber (DCF) has a negative local dispersion value.

Method for producing a quality of transmission estimator for optical transmissions:

[0052] With reference to Figure 7, a numerical method for producing a quality of transmission estimator for optical
transmissions will now be explained.

[0053] The method yields the nonlinear distortion variance of all possible connections in a meshed network, for an
arbitrary modulation format, dispersion management and possibly heterogeneity of fiber types and fiber lengths. The
resulting nonlinear distortion variance is stored in a memory and is a main component of the quality of transmission
estimator.

[0054] The method comprises the performing of the following steps:

[0055] Asapreamble,determining achromatic dispersion map of the transmission system, i.e. predicting the cumulated
chromatic dispersion at each and every point in the optical transmissions. The dispersion map is employed for sampling
the optical transmissions into sections denoted S,. A cumulative dispersion value, denoted D, for a section S of the
network is a pre-dispersion previously cumulated by the optical signal while propagating along the fiber and measured
at an input point of the section S,. where k is an integer number.

[0056] In a step 21, the method performs: determining the different fiber types present in an optical network F), with
I=1,2,...,m for m different fiber types and choosing a fixed increment of cumulative dispersion ADY, for each one of the
different fiber types FO, with I=1,2,...,m.

[0057] In step 22, considering all possible point-to-point links in a network and separating them into sections S, with
the fiber type of the section denoted F and the corresponding dispersion increment AD, which is cumulated during the
propagation of an optical signal along a section k, where F, and AD, are chosen among the possible fixed values F()
and the corresponding AD() of the step 21..

[0058] In step 23, the method performs the gathering all couples (D,, Fy) corresponding to each section S, of the
network and the removing of the duplicates from the gathering. This step 23 leads to a total of M distinct couples (Dy, Fy).
[0059] In step 24, that is a calibration step, the method performs, for each couple (D, Fy), running a SSFM nonlinear
propagation simulation over a section S,. The series of M simulations is referred to as the calibration phase step 24. As
the M simulations are completely independent, they can all be run in parallel, thus speeding up the calibration step 24
of the network.

[0060] In an illustrative case of an optical signal propagating in the sections with a QPSK modulation, the following
step 25 is performed for each of the output signals resulting from the M simulations of the calibration phase step 24.
Step 25 comprises: the removing of the initial phase modulation, the compensation of the nonlinear phase shift and the
removing of the input signal coming from a filtering at the transmitter side, if any. Indeed, as shown on Figure 9, a filter
94 is optionally placed between the transmitter 95 and the fiber 91. The removing of the input signal from the output
signals resulting from the M simulations allows extracting M nonlinear distortion fields of the optical signal propagating
in the sections. The removing is performed on both the input and output signals sampled at the middle of each symbol time.
[0061] In step 26, the method further comprises:

- Constructing a M X M table, denoted X in the following. Table X comprises the calculation of the variance o; and
covariance ojj of the nonlinear distortion fields of the optical signal propagating in the sections i and j, i and j denoting
the values taken by k, for each distinct couple D, F,.
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[0062] In step 27, the method performs the storing of X in a look-up table in an external memory for future usage.
[0063] The dispersion increment AD() for each fiber type is calculated as follows: AD® = [DFU)(z)dz, wherein DF()
denotes the local dispersion for the fiber type F) and wherein the integration is performed over the section of length dz.
[0064] The choice of the dispersion increment has an incidence on the section length of the section considered. Indeed,
for a fiber section k having a fixed local dispersion value DF, the higher the length, the higher the cumulative dispersion
value D, is. Therefore, the choice of the dispersion increment for each fiber type AD() depends on the available system
memory, the desired accuracy and the variety of span lengths existing in the network to be estimated. Short sections
yield a higher accuracy but they demand both a large amount of memory and a higher calculation time.

[0065] For the sake of illustration, in the above method, the SSFM nonlinear propagation simulation is performed on
a bit sequence with quasi-random distribution of ones and zeros. With reference to Figure 9, an example of optical link
is described. The optical link is a fiber 91. A SSFM simulation is performed for the fiber 91. As shown on Figure 9, the
dispersion is brought back to zero by a full post compensation fiber 92 before the optical signal arrives to the receiver 93.
[0066] For the sake of illustration, with reference to Figures 1 to 3, such a method is performed on an optical network
that consists of a single optical link ab to produce a look-up table. The look-up table is useful to estimate the quality of
transmission of an optical link cd as it will later be explained with reference to Figures 4 to 6. Figure 1 is a schematic
graph of cumulative dispersion values D4, D,, D3, D4, D5 and Dg of an optical signal propagating over the optical link
ab, as a function of the sections 1 to 6 of the optical link ab. For example, D, is a negative dispersion value equal to the
value of the pre-compensation at the input of the optical link ab. The optical link ab comprises two spans 123 and 456,
characterized by the same fiber type, i.e. the local dispersion value along the two spans is the same. The local dispersion
value F for each section k, with k=1 to 6, is the same. The spans 123 and 456 are respectively split into 3 sections 1,
2,3 and 4, 5, 6. The sectioning of the spans 123 and 456 is performed as follows: for each section 1, 2, 3, 4, 5 and 6 of
the optical link ab, the cumulative dispersion value represented on the axis 11 increases by a same increment of dispersion
14. The sections of the optical link ab incorporate no in-line dispersion compensation. Therefore the cumulative dispersion
of each section S, denoted D, is equal to X,D;. For each section S, having a distinct couple (D, F), the method performs
the running of a SSFM simulation, as a function of the couple comprising the cumulative dispersion and the local
dispersion D,, F, characterizing the section S of the optical link ab. Py denotes a fixed power value at the input of each
section S, employed in the SSFM simulations.

[0067] Denoting uy, i the nonlinear distortion field of the optical signal at the output of the section S calculated by
the SSFM simulation, each coefficient o;; of the matrix X, represented on Figure 2 is then calculated as follows:

— 2
oy = cov(unj, uNL,j)/PO

with cov(X,Y) = E[(X — HX)Z(Y* — U{()Z] being the covariance of the random variables X and Y with averages

wy and wy and E[.] the expected value. The matrix £, is then stored in a data repository for future usage.

[0068] Indeed, with the matrix X, the transmission performance of the optical link ab may be calculated by a quality
of transmission estimator device comprising the data repository, by selecting the variances and covariances Gj of X4
corresponding to the couple D, F\ characterizing the sections S, of the optical link ab, with k=1,...6.
[0069] The optical system described with reference to Figure 1 does not necessary really exist. Figure 1 is described
uniquely in order to illustrate the method of calculation of the coefficients of a quality of transmission which allows
estimating a large number of optical systems. Similarly, the coefficients may be calculated for a large number of local
dispersion values in order to produce an estimator capable of calculating the coefficients for a large number of optical
fiber types. In special cases, the coefficients of one fiber type I may be deduced by the already calculated coefficients
of the fiber type I, by replacing the fiber type F() by F() the cumulative dispersion D) by the cumulative dispersion
7
E(Z_ZD(D and finally the coefficient ojj by the coefficient pF{?)
DF® pFD
[0070] In an embodiment, the dispersion increment ADU) for each fiber type is defined to be the same and is denoted
AD. Therefore, the length of the sections of different fiber types varies and is denoted dz(/).
[0071] Since the covariance matrices constructed thanks to the method above described have a Hermitian symmetry,
only M*(M+1)/2 terms are to be calculated. This determines the memory usage of the method. Considering for example,
400 sections and assuming that the variance and covariance terms are stored with a double float accuracy, i.e. 8 bytes,
the memory takes up 8*400 *(400 +1)/2=641.6 Kbytes.
[0072] The complexity of the method is upper-bound by N x (N + 1)/2 additions, where N x N is the size of the sub-
matrix D corresponding to the point-to-point optical link of interest with N < M.
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[0073] The method described above allows a fast computation of the transmission performance of all links in a network
simultaneously. Indeed, as described in step 24, the number of simulations depends on the number of the distinct couples
of fiber type F\, and cumulative dispersion D, of the sections S, appearing in the network.

[0074] An advantage of the method is to be able to construct a look-up table comprising the variances and covariances
of the nonlinear noises generated by all possible combinations of fiber types and input cumulative dispersions for a given
modulation format, that may be used to calculate the performance of any possible optical link. The overall calculation
time and cost gain compared to existing methods can be found by dividing the total number of sections in a network by
the number of the discrete couples found in step 24.

[0075] Inanembodiment,a SSFM simulation of the method is performed for a WDM optical signal, with the assumption
that each optical channel of the bandwidth is occupied. The assumption leads to over-estimate the transmission degra-
dation.

[0076] The method described above is a numerical method. However, it may also be implemented as an experimental
method according to the same steps.

[0077] Above we have described the method for producing the quality of transmission estimator. Now, the exploitation
of the quality of transmission estimator will be described.

[0078] In order to exploit the quality of transmission estimator to estimate the quality of transmission of any optical
system, for example the optical system of Figure 4, afirst step is necessary. The first step consists in providing a suitable
description of the optical system to be estimated.

A method for determining an optical transmission system description:

[0079] Providing a suitable description of the optical system to be estimated is achieved by the following method,
which will be illustrated with reference to Figure 11. The optical transmission system is a point-to-point optical transmission
in an optical network. For example, the optical transmission system is defined as a connection between two nodes of
the network. Any possible connections between any nodes of an optical network may be described thanks to the following
method.

[0080] The method for determining the optical transmission system description comprises a few steps.

[0081] Inafirststep,the method performs determining a dispersion map of the optical transmission system. A dispersion
map plots the cumulative dispersion as a function of transmission distance along an optical communication path. The
dispersion compensation devices at the input and/or output ends of optical fibers, if any, may produce abrupt changes
in cumulative dispersion along the optical transmission system. To construct the dispersion map, the cumulative disper-
sion value D may be calculated as follows: D(z) = [DF(z)dz, where DF denotes the local dispersion value and z denotes
the distance through which the optical signal has propagated. A suitable computer program may be employed to establish
the dispersion map of any optical transmission system or at least substantially match those values. This step generally
assumes that local dispersion is known in all links of the system.

[0082] In a second step, the method performs placing a set of discrete cumulative dispersions onto the dispersion
map. The set of discrete cumulative dispersions should be comprised in the cumulative dispersion values employed in
the method for producing the quality of transmission estimator. Preferably, two consecutive discrete cumulative disper-
sions of the set are separated by a dispersion increment AD defined as the smallest dispersion increment of the set of
dispersion increments AD() defined for each fiber type in the method for producing the quality of transmission estimator,
or an integer multiple of that increment AD.

[0083] Asanillustration, referring to the optical system of Figure 4, the set of cumulative dispersion values is represented
by D4, Dy, D3, Dy, D5 and Dg.

[0084] In a third step, the method performs defining a plurality of sequential system segments S of the optical trans-
mission system, wherein each system segment has an input point that corresponds to a point in the optical transmission
system where the input cumulative dispersion matches an input cumulative dispersion of the set.

[0085] In afourth step, the method performs, for each system segment S, determining an input power P, of the system
segment, and if necessary a local dispersion value of the system segment,

[0086] Inalaststepthe method comprises, for each system segment S, storing the input power and the local dispersion
value determined in relation with the input cumulative dispersion of the system segment S, in a data repository.
[0087] A sequence number of the system segments S, is also stored. The sequence number defines the ordering of
the system segments in a point-to-point optical system. It may be represented by an integer number. In order to describe
a meshed network, the system may be represented as a combination of point-to-point links.

[0088] For the sake of illustration, a simplified network will be described with reference to Figure 11. Figure 11 is a
schematic of an optical network 100 comprising six nodes denoted by A to D. The optical fibers linking the nodes A and
B,BandE,BandD, DandF, Aand C, C and E and E and F have the same local dispersion value, which is equal to
half the local dispersion value of the optical fiber linking the nodes E and D. No in-line dispersion compensation is
performed along the optical fibers of the network 100 and no dispersion compensation device is provided in the optical
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nodes. The optical connections established are transparent.

[0089] The method for determining an optical transmission system description thus performs the third step over each
link of the optical network 100.

[0090] Each optical fiber of the network is segmented into system segment S, in order that each system segment S,
has an input cumulative value of the set of discrete cumulative dispersions.

[0091] The local dispersion value of the optical fiber linking the nodes E and D is twice the local dispersion value of
the other optical fibers of the network 100. As a result, the elementary length of the system segments between nodes
E and D is equal to a value L/2 which is half the elementary length value L of the system segments of the other optical
fibers of the network 100. In other words, in this particular example, the discretization of the optical system employs a
uniform mesh-size in terms of cumulated dispersion, resulting in a non-uniform mesh-size in terms of distance.

[0092] An optical connection between nodes A and D will follow the shortest path A-B-D with a total length of 10 times
the increment AD. An optical connection between nodes C and F, will follow the shortest path C-E-F with a total length
of 6 times the length L.

[0093] For example, the optical paths A-B-D and C-E-F have no dispersion management and are of one single fiber
type, i.e. one local dispersion value. Therefore, the sectioning of the optical paths A-B-D and C-E-F results in similar
system segments S, to Sg of same local dispersion and cumulated dispersion. Therefore the coefficients stored in the
matrix corresponding to the cumulative dispersion values and local dispersion value of the system segments are usable
twice for the estimation of the quality of transmission along the system segments S, to Sg,.

[0094] With reference to Figure 12, the dispersion map of the optical paths A-B-D and E-D is represented. The set of
discrete cumulative dispersions placed onto the dispersion map has been shown on the vertical axis, represented by
D4, Dy, D3, Dy, D5, Dg, D7, Dg, Dg and D4q. The distance has been represented on the horizontal axis.

[0095] The squares represent the inputs of the system segments for the optical path E-D. The dots represent the
inputs of the system segments S, to S, for the optical path A-B-D. The input cumulative dispersion at the input of the
last system segment of the optical path A-B-D has a value D,. The local dispersion value of the optical path A-D being
twice the local dispersion value of the optical path A-B-D, the slope of the line 101 is twice the slope of the line 102.
[0096] Therefore the coefficients stored in the matrix corresponding to the cumulative dispersion values and local
dispersion value of the system segments for the optical path E-D are not the same as the coefficients for the optical path
A-B-D.

[0097] For realistic homogeneous networks, the length of each fiber is not necessary a multiple of the dispersion
increment. Therefore, for realistic networks, the length of each optical fiber is rounded to the closest multiple of the
dispersion increment AD. The method inaccuracy due to this fiber length approximation is negligible especially for low
values of the dispersion increment.

Exploitation of the quality of transmission estimator:

[0098] Thanks to the method for determining an optical transmission system description above described, any optical
transmission may be described in a convenient format for the exploitation of the quality of transmission estimator obtained
thanks to the method for producing a quality of transmission estimator.

[0099] With reference to Figure 8, such a quality of transmission estimator device for optical transmissions will now
be described. The device comprises a data repository 113 and a calculation unit 114 that is linked to the data repository
113 as shown by line 116. The device further includes an output interface 115 that is linked to the calculation unit 114
as shown by arrow 117. In embodiments, the output interface may be connected to a data repository, a network interface,
a printer and the like. The look-up table X constructed thanks to the above described method is stored in the data
repository 113. The device also comprises an input interface 118 able to receive an optical transmission system de-
scription and to transmit it to the calculation unit 114, as shown by arrow 119.

[0100] The opticaltransmission system description is constructed thanks to the above described method for determining
optical transmissions description as follows:

[0101] The system description defines a plurality of sections S of the optical transmission system and, for each section
Sy, an input power P of the system segment, a local dispersion value of the system segment F and an input cumulative
dispersion D, of the system section S;.

[0102] The calculation unit 114 is configured to perform, for each system segment S, of the system description received
from the input interface 118 the selection of a variance entry oyatcn(kymatch(y IN the look-up table stored in the data
repository 113, so that the local dispersion value DF, and input cumulative dispersion value D, of the system segment
k substantially match the local dispersion value DF, K and input cumulative dispersion value D K associated

match( match(
with the variance entry oatch(imatchik):

o 1f IPmatcno Dkl < g Wheriene
Dyl '

[0103] For example, the input cumulative value D, substantially matches D, .1
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=5%.

[0104] The calculation unit 114 is also configured to perform, for each couple of this system segments S, and S, the
selection of a covariance entry op,atchymatcn(cy in the look-up table, so that the local dispersion value DF and input
cumulative dispersion value D, of the system segment S, substantially match the first couple S, and S, associated
with the covariance entry of the look-up table oy, icn(gmaten(y @nd so that the local dispersion and input cumulative
dispersion of the system segment S, substantially match the second couple associated with the covariance entry.

[0105] The calculation unit 114 is also configured to perform the calculation of the SNR;”} , that is a quality of

transmission estimate, as follows:

N N k-1
SNRy, ' = z P’ Omatch(iymateh(iy + 2 Z z PPy, Re[omatch(ymatch(in]
k=1 k=1k'=1

[0106] The device s further configured for transmitting the calculated quality of transmission estimate SNR-1,, through
the output interface 115.

[0107] Turning back to the example of optical link ab which look-up table X, is represented on Figure 2, the matching
performed by the calculation unit 114 leads to a covariance matrix X, represented on Figure 3 comprising all the selected
variances and covariances corresponding to the characterizing couples F, and D, of the sections S of the optical link
comprising the two spans 123 and 456.

[0108] As the F, is the same for the two spans 123 and 456, and as no in-line dispersion is comprised on the optical
link ab, the covariance matrix X, represented on Figure 3 is constructed thanks to the look-up table X, represented on
Figure 2 by selecting the upper-left 3x3 sub-matrix o453 represented in a solid-line frame comprising the variance of the
first span 123, the down-right 3x3 sub-matrix o454 represented in a dashed-line frame comprising the variance of the
second span 456 and the other two 3x3 sub-matrices o, and o, respectively represented in a dotted-line frame and in
a dash-dotted line frame comprising the covariance terms between the span 123 and the span 456. In this particular
case, there is no overlap between the used sub-matrices of £, while all its elements are used. Indeed, in this particular
example, match(k)=k for each k from 1 to 6.

[0109] In an embodiment, the look-up table is a covariance matrix which has been constructed by blocks. Indeed, for
two covariance matrices X and Y, a joint covariance matrix Zy y of X and Y may be written in the following block form:

_ [Exx z3)(3{]
Y7 Iy Iy

where Zyy = van(X), Zyy = var(Y) and Zyy = Zyx T = cov(X,Y).

[0110] For example, by using the method above described, a first covariance matrix has been constructed for a first
fiber span 123 and a second covariance matrix has been constructed for a second fiber span 456. The look-up table
comprises the covariance matrix X, calculated from the first covariance matrix o453 and second covariance matrice oysg.
[0111] Similarly, for example, by using the method above described, a first covariance matrix may be constructed for
a first local dispersion value and a second covariance matrix may be constructed for a second dispersion value. In that
case, the look-up table comprises the covariance matrix calculated from the first and second covariance matrices.
Therefore, with two types of fiber, the look-up table comprises an extended matrix having more rows and columns
[0112] In a second illustrative example, represented on Figures 4 to 6, the same covariance matrix construction is
performed from the pre-calculated look-up table X, for an optical link cd different from the optical link ab. Elements which
are similar to those of Figures 1 to 3 are represented by the same numbers. Optical link cd has a partial dispersion
compensation at the end of the first span 123, as represented on the position 13. In this example, the matching is
performed by the device represented on Figure 8, as shown by the above table.

k Match (k)
1 1
2 2
3 3
4 2

1"
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(continued)
k Match (k)
5 3
6 4

[0113] Therefore, a fraction of the matrix X, is to be used to construct the matrix X, represented on Figure 6. As shown
on Figure 5, the sub-matrices corresponding to the variance and covariance matching terms overlap.
[0114] The SNR-'y, is then calculated as follows:

N N k-1
SNRy, ™" = Z P’ Omatch(oymatengey + 2 Z Z Py Py Re[Omatchymatchkn]
k=1 k=1k'=1

[0115] Wherein P, denotes the input power of the section S,.
[0116] In an embodiment, the power P, is calculated as follows:

P, = Pye~an)

[0117] Wherein P, denotes the input power of the optical link AB, o denotes the absorption and z, the abscissa of the
input of the section S,.

[0118] The device is therefore able to provide an estimation of the quality of transmission SNRy, " for an optical system
which is not yet estimated, for example cd, thanks to a look-up table constructed as described above, for the optical link ab.
[0119] For the sake of comparison, the numerical simulation by SSFM of a 9-channel Polarization Division Multiplexed
Quaternary Phase Shift Keying PDM-QPSK signal over 100 km, requires about 15 minutes running on a server with a
CPU at 2.67 GHz and 16Gb of memory. This simulation duration makes SSFM simulations unsuitable for real-time
applications. By contrast, the device above described allows performing the same calculation in much shorter time, e.g.
less than a few seconds.

[0120] The above device is fast and accurate for estimating the performance of transmission of an optical link in an
optical network. In a preferred embodiment, the section length is comprised between 100 m and 20 km.

[0121] Therefore, the above device is able to estimate the performance of optical links having a minimal length Lg
equal to the section length, i.e. between 100 m and 20 km. Figure 10 is a graph showing the numerical simulation results
of the variance over the section length calculated thanks to the method of Figure 7, compared to the variance calculated
with SSFM simulations. The vertical axis 129 represents the variance in dB for a range from -50 to -35 dB and the
horizontal axis 128 represents the section length in km for a range from 0 to 20 km. The round markers 131 represents
an example of the nonlinear distortion variance evolution for a Single Mode Fiber SMF span of a maximum length of 20
km and the triangle markers 130 represents the evolution of the nonlinear variance estimation considering the covariance
matrix constructed thanks to the method above described. The cumulated dispersion of the span is fixed to 30000 ps/nm
and the input power is Pin=0dBm. An excellent accuracy is observed as the triangle markers match the round markers.
[0122] In the above embodiments, the Kerr effect has been presented as the main source of nonlinear impairments
of the optical signals for the sake of simplicity. The optical Kerr effect can result in impairments on the optical signal for
many reasons listed below: optical bistability, self-focusing effect, self-phase modulation, solitons formation and others.
[0123] Many other possible nonlinear effects from the list below may be taken into account: second order nonlinearities,
second harmonic generation, frequency mixing, optical parametric amplification and oscillation, spontaneous parametric
down conversion, sources of entangled photons based on SPDC, third order nonlinear effects as four-wave mixing,
Raman scattering, spontaneous and stimulated Raman scattering, Raman amplification, Brillouin Scattering, two photons
absorption and others.

[0124] The computation device described hereinabove may be implemented through the use of dedicated hardware
as well as hardware capable of executing software in association with appropriate software. When provided by a proc-
essor, the corresponding functions may be provided by a single dedicated processor, by a single shared processor, or
by a plurality of individual processors, some of which may be shared. Moreover, explicit use of the term "processor" or
"controller" should not be construed to refer exclusively to hardware capable of executing software, and may implicitly
include, without limitation, central processing unit (CPU), digital signal processor (DSP) hardware, network processor,

12
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application specific integrated circuit (ASIC), field programmable gate array (FPGA), read-only memory (ROM) for storing
software, random access memory (RAM), and non-volatile storage. Other hardware, conventional and/or custom, may
also be included.

[0125] The computation device above described may be implemented in a unitary manner or in a distributed manner.
[0126] The invention is not limited to the described embodiments. The appended claims are to be construed as
embodying all modification and alternative constructions that may be occurred to one skilled in the art, which fairly fall
within the basic teaching here, set forth.

[0127] The use of the verb "to comprise" or "to include" and its conjugations does not exclude the presence of elements
or steps other than those stated in a claim. Furthermore, the use of the article "a" or "an" preceding an element or step
does not exclude the presence of a plurality of such elements or steps.

[0128] In the claims, any reference signs placed between parentheses shall not be construed as limiting the scope of
the claims.

Claims
1. A method for producing a quality of transmission estimator for optical transmissions, the method comprising:

- defining a local dispersion value,

- defining a dispersion increment (14) having a sign identical to the local dispersion value,

- for each of a plurality of integer numbers, wherein the integer numbers range from 0 to an upper bound greater
than or equal to 0, performing a propagation calculation (24) by a propagation model and/or experiment, each
propagation calculation and/or experiment dealing with the propagation of an optical signal along an elementary
section (91), wherein the elementary section is a propagation medium characterized by the local dispersion
value, an elementary section length corresponding to the dispersion increment and wherein the optical signal
which is incoming in the elementary section is previously affected by a cumulative dispersion value (D4 to Dg)
equal to the sum of a predefined pre-compensation dispersion and the integer number times the dispersion
increment,

- for each elementary section, determining a variance of noise, the noise representing a distortion due to Kerr
nonlinear field contributions in the elementary section,

- for each couple of elementary sections, determining a covariance of noise between the couple of elementary
sections,

- storing in a data repository a look-up table (X4) comprising each determined variance of noise in association
with the corresponding local dispersion value and cumulative dispersion value and each covariance of noise ,
in association with a first couple of local dispersion value and cumulative dispersion value and a second couple
of local dispersion value and cumulative dispersion value.

2. A method in accordance with claim 1, wherein the propagation model is Split Step Fourier Method.

3. A method in accordance with any one of claims 1 to 2, wherein the noise represents a distortion further due to any
nonlinear field contribution and/or association of nonlinear field contributions from the following list: second harmonic
generation, frequency mixing, optical parametric amplification and oscillation, spontaneous parametric down con-
version, sources of entangled photons based on SPDC, four-wave mixing, Raman scattering, spontaneous and
stimulated Raman scattering, Raman amplification, Brillouin Scattering and two photons absorption.

4. Amethod in accordance with any one of claims 1 to 3, wherein the method further comprises a non-dimensionalizing
step comprising:

- for each elementary section, determining an input power that was employed in the propagation model or
experiment,

- for each variance determined for an elementary section in the determining step, dividing the variance by the
input power employed for the elementary section to the square,

- for each covariance determined for a couple of elementary sections in the determining step, dividing the
covariance by the input power determined for the first elementary section of the couple and the input power
determined for the second elementary section of the couple.

5. A method in accordance with any one of claims 1 to 4, wherein the local dispersion value corresponds to an optical
fiber.

13
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6. A method in accordance with claim 5, wherein the optical fiber has a type selected in the following list: Single Mode
Fiber, Dispersion Compensation Fiber, LEAF, multi-fiber, multicore fiber, multi-mode fiber, polarization-maintaining
fiber, photonic-crystal fiber, multimode graded index optical fiber, Non-Zero Dispersion Shifted Fiber, True-Wave-
Reduced Slope, True-Wave-Classic, Teralight and SMF-LS.

7. A method in accordance with any one of claims 1 to 6, wherein the look-up table (%) comprises a covariance matrix
of the noise due to Kerr nonlinear field contributions generated in the elementary sections.

8. A method in accordance with any one of claims 1 to 7, wherein the dispersion increment corresponds to a dispersion
cumulated by an optical signal propagating along a section of an optical link which length is comprised between
100 m and 20 km.

9. A quality of transmission estimator device for optical transmissions, the device comprising:

- a data repository (113) in which is stored a look-up table (£4), comprising a plurality of variance entries g,,,,
each variance entry being stored in association with a corresponding local dispersion value and a corresponding
cumulative dispersion value (D to Dg), the cumulative dispersion value being chosen in a set of cumulative
dispersion values consisting of the sum of a predefined pre-compensation dispersion and a predefined dispersion
increment (14) multiplied by an integer number ranging from 0 to an upper bound greater than or equal to O,
the look-up table (Z4) further comprising a plurality of covariance entries, each covariance entry being stored
in association with a first couple of local dispersion value and cumulative dispersion value and a second couple
of local dispersion value and cumulative dispersion value,

-aninputinterface (118) for receiving an optical transmission system description, the system description defining
a plurality of system segments S, and, for each system segment S, an input power P, of the system segment,
a local dispersion value of the system segment and an input cumulative dispersion of the system segment,

- a calculation unit (114) configured to perform:

- for each system segment S, selecting a variance entry opnatcnkymatch(k) in the look-up table, so that the
local dispersion and input cumulative dispersion of the system segment S, substantially match the local
dispersion value and cumulative dispersion value associated with the variance entry o,,atcn(imatch(i)

- for each couple of the system segments S, and Sy selecting a covariance entry op,atchk)matcn(c) in the
look-up table, so that the local dispersion and input cumulative dispersion of the system segment S, sub-
stantially match the first couple associated with the covariance entry and so that the local dispersion and
input cumulative dispersion of the system segment S, substantially match the second couple associated
with the covariance entry

- calculating a quality of transmission estimate

SNR™1,,

N
Z P, 2O'match(k)match(k)

&

k-1

=1

N
Z Py Py, Re[omatchcymatchkn ]
k=1k'=1

-+
[\
&

where N is the number of system segments in the optical transmission system description
- an output interface (115) for transmitting the calculated quality of transmission estimate.

10. A device in accordance with claim 9, wherein the look-up table comprises a covariance matrix.
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